In order to develop a new type of pressure-sensitive adhesive (PSA) for a transdermal drug delivery system (TDDS), a quaternary blend (PDGW) composed of poly(N-vinyl pyrrolidone) (PVP), D,L-lactic acid oligomer (DLLAO), glycerol and water was prepared, in which glycerol and water were used as plasticizer. The effects of the number average molecular weight (M n ) of DLLAO and the contents of DLLAO and plasticizer on the PSA properties were studied. The results suggest that PDGW performs excellent PSA properties when M n of DLLAO is in the range of about 200-400 and the contents of DLLAO, glycerol and water are in the range of 5-20, 15-25 and 20-35 wt%, respectively. The miscibility between PVP and DLLAO was investigated via DSC, TGA and FT-IR, and all results indicate that PVP has good miscibility with DLLAO due to strong hydrogen-bond interaction. The storage stability of PDGW also was studied and the results show that PDGW matrix possesses stable properties over time. In addition, in vivo skin irritation of PDGW was investigated using rabbit as model animal, and the results show that the PDGW causes non-irritation to skin after topical application for 120 h. Therefore, the PDGW possesses excellent PSA properties and presents potential application in TDDS.
Introduction
Transdermal drug-delivery systems (TDDSs) have become innovative drug-delivery systems because they offer many advantages compared with conventional phar-
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Materials
PVP (K90, M n = 100 kg/mol, T g ≈ 176 • C) was a product of BASF (Germany). D,L-Lactic acid (88 wt% aqueous solution) was obtained from National Starch and Chemical (USA). Glycerol was obtained from Beijing Fangcao Pharmaceutic (China), other chemicals were of analytical grade and used as received.
Male rabbits weighing 2.0-2.4 kg, obtained from Tianjin Institute of Pharmaceutical Research, were housed individually over 1 week in a temperature-controlled environment (23) (24) (25) • C). The relative humidity varied between 40 and 60%. Unless otherwise noted, the rabbits had free access to a standard diet and water 1 week prior to the experiments. All animal experiments were performed in accordance with the Guidelines for Animal Experimentation of Tianjin Institute of Pharmaceutical Research, Tianjin, China.
Synthesis and Characterization of D,L-Lactic Acid Oligomer (DLLAO)
DLLAO was prepared by the condensation polymerization of D,L-lactic acid under vacuum in the absence of catalysts at 160 • C, according to a method reported previously [14] . M n of DLLAO was determined by titrating the oligomer solution with 0.1 mol/l KOCH 3 and calculated as:
where w is the weight of the titrated oligomer and C is the concentration of KOCH 3 solution. V and V 0 are the volumes of the KOCH 3 solution used for titration of oligomer solution and blank, respectively. The mean of five determinations was taken as the final result. Without special mention, M n of DLLAO used in this paper was 309 ± 7.
Preparation of PDGW and Corresponding Blends
Certain amounts of PVP, DLLAO and glycerol were gradually added into water with continuous stirring until a homogenous solution formed and the bubbles were removed under vacuum. To investigate the effect of DLLAO content on miscibility, the binary blends with DLLAO content of 20, 40, 50, 60, 80 and 100 wt% were prepared by dissolving PVP and DLLAO into ethanol under stirring. Ethanol was evaporated out at 60 • C in a vacuum oven for 2 h.
Test of the Adhesive Performance of the PDGW Patches
PDGW was coated (250 µm thickness) by floating on dried non-woven fabric. After that, the patches were dried for about 30 min at 60 • C and then aged for 24 h at room temperature. The water content in the adhesive layer of the patch was determined by weighing. The tack force of the PDGW sheets (25 mm × 200 mm) was measured using the Dow boll rolling test method and was indicated by the ball number by using the CZY-G tack force testing machine (Labthinky, China). According to the 4 test methods for PSA tapes (PSTC-1), the 180 • peel strength of the PDGW sheets (25 mm × 200 mm) was measured using a Testometric AX M350-10KN materials testing machine (Testometric, Germany) at a peel rate of 300 mm/min at 25 • C and humidity 45%. The static shear resistance was measured as the time required for a standard area to slide from a standard flat surface (stainless steel) in a direction parallel to this surface under the action of a constant weight.
Characterization of PDGW and Corresponding Blends
Differential scanning calorimetry (DSC) was carried out using a TA Instrument DSC 2920 (TA Instrument, USA). A weighted amount of sample (10-15 mg) was placed in a sealed aluminum pan and heated at a heating rate of 5 • C/min in nitrogen atmosphere at a flow rate of 80 ml/min. Thermal gravimetric analysis (TGA) experiments were performed in a TA Instruments TGA 2950 (TA Instruments). A sample (8-12 mg) was placed in a hermetical aluminum pan and heated from 25 to 700 • C at a heating rate of 10 • C/min under nitrogen atmosphere. Fourier transform infrared spectroscopy (FT-IR) was carried out using Bio-Rad FT-IR 3000 (Bio-Rad, USA). The powders of PVP, DLLAO and the corresponding PVP/DLLAO blends were pressed into KBr pellets to make a disk-like sample. 64 scans were collected at a resolution of 2 cm −1 at room temperature.
The rheological characteristics of the samples were determined using a rotational Physica MCR 300 rheometer (Physica Messtechnik, Germany) using a double-gap cylindrical geometry (internal and external gap 0.42 and 0.47 mm, respectively). The temperature was kept at 37 • C during the measurements by a Paar Physica circulating bath and a controlled Peltier system (TEZ 150P/MCR) with an accuracy of ±0.1 • C. The data of the rheological measurement were analyzed using the US200 V2.21 software which supported the rheometer. All sample dressings were subjected to oscillatory measurement with a strain 0.1% and a range of frequencies between 0.01 and 100 Hz. Each experiment was conducted at least three times and the data presented are mean values. The coefficient of variation of repeated measurements for each sample did not exceed 10% in all cases.
The -COOH value of PDGW was measured by titration method [15] . PDGW was sealed into glass bottle and stored into an oven at 40 • C with relative humidity 50%. After different time, a certain number of PDGW was dissolved into the mixedsolvent of ethanol and dichloromethane (1:1 by volume), then titrated with KOH solution in ethanol (0.05 mol/l). A mean value of three titrations was taken.
Skin Irritation
Skin irritation was evaluated by the Draize method [16] . Ten rabbits were shaven carefully with an electric clipper in their dorsal skin (area about 4 × 4 cm 2 ) for 24 h prior to experimentation. Subsequently, the PDGW patches were applied on the rabbit hairless intact skin. The application-site irritations were assessed according to a visual scoring scale [17] , when the patches were removed after predetermined time of adhesion. The erythema scores were given from 0 to 4, depending on the degree of erythema as follows: 0, no erythema; 1, slight erythema (barely perceptible, light pink); 2, moderate erythema (dark pink); 3, moderate to severe erythema (light red); 4, severe erythema (extreme redness). Edema was scored as follows: 0, no edema; 1, slight edema; 2, moderate edema; 3, moderate to severe edema; 4, severe edema. The total mean irritation score (TMIS, summation of mean irritation score of erythema and edema) was used as an index of skin damage caused by the application of PDGW. A TMIS of less than 0.50 denotes no irritation, 0.5-2 mild irritation, 2-6 mild irritation and >6 severe irritation, respectively.
Results and Discussion
Influence of DLLAO on the Adhesive Properties of PDGW
The hydrophilicity and high molecular weight of PVP provide good biocompatibility, mechanical strength and viscoelasticity as adhesive matrix materials. However, small molecular plasticizers are needed because of the high T g of PVP (≈ 176 • C). In our studies, besides glycerol and water was chosen as the plasticizer, DLLAO with middle molecular was introduced as a bridge between the long chains of PVP and the small molecular composition. M n of DLLAO can significantly affect the adhesive properties of the PDGW, as shown in Table 1 .
For TDDS application, an ideal requirement of a transdermal PSA is that it should adhere strongly to the skin when required, but be easily removed with little or no trauma to the wearer. That is to say, the adhesive strength of the PSA layer should be in a moderate value range because high adhesive strength will induce pain when peeled off, but low adhesive strength cannot maintain long time dressing. It was estimated that an ideal peel strength in the range of 6-20 N/25 mm on stainless steel surface is suitable for skin application [18, 19] . The data in Table 1 show that the 180 • peel strength markedly increases with M n of DLLAO increasing. How- [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] ever, when M n of DLLAO exceeds 400, the tack force and peel strength become very low due to the apparent phase separation of DLLAO from the matrix.
The DLLAO content largely affects the adhesive and viscoelastic properties of the PDGW. As shown in Fig. 1 , PDGW shows desirable adhesive properties when DLLAO content is in the range of 5-20 wt%. In this range, the tack forces are slightly changed and PDGW maintains an appropriate peel strength for skin adhering compatibly. It also can be seen from Fig. 2 that the elastic modulus (G ) of PDGW increases slowly with the increment of DLLAO content. However, the G increases sharply when the DLLAO content is up to 30 wt%, but because too high a G will result in loss of viscoelasticity, the requirements for the performance of PSA have been quantified and described in the criteria (0.01 MPa < G < 0.1 MPa, PVP containing tertiary amide group is potentially good proton acceptors because of the basic nature of the functional groups [22] . Some studies reported that PVP can form strong hydrogen-bond complexes with polymers bearing protondonating functional groups in the repeat units of their backbones, such as carboxyl groups in polyacrylic and hydroxyl groups in poly(vinyl alcohol) [23, 24] . In our work, the DLLAO added into PVP may act similarly as a tackifier to improve the tack property and viscoelastic state of PVP via formation of a hydrogen bond. Moreover, the hydrogen-bond in the binary PVP/DLLAO blend has been confirmed by DSC and FT-IR spectroscopy and will be discussed below. In addition, owing to the appreciable length and flexibility of DLLAO chains, they may create a space within the PVP/DLLAO network and provide the coupling of the high cohesive strength of a hydrogen-bond complex and a large free volume [25] . As a result, the network imparts to the blend a rubber-like elasticity, whereas the free volume leads to increasing molecular mobility and segmental relaxation of the blend [26] . In this way, both major requirements accounting for PSA have been obtained. However, the content of DLLAO should be controlled within an appropriate range in order to provide specific balance between high cohesion energy and large free volume, which is responsible for adhesive behavior of polymer materials [27] . Low content of DLLAO will not induce enough interactions among PVP chains, DLLAO chains and small molecular plasticizers. On the other hand, high content of DLLAO will lead to high G of the blend and an increase in the solid-like behavior of the blend and a decrease in tackiness and peel strength [21] . Therefore, it is of no wonder that the PGDW shows desirable PSA properties when the content of DLLAO is in a range of 5-20 wt%.
Influence of Plasticizer on the Adhesive Properties of PDGW
Most polymers used alone for PSA are commonly brittle at room temperature and require plasticizer or another additive to improve their processability, flexibility and mechanical strength. It is well known that plasticizer can reduce the aggregate force caused by the intermolecular or intramolecular interaction of the polymers to decrease the T g of the polymers [28] .
The DLLAO similar to tackifier was blended with the base polymer, whose molecules nestle closely along the PVP segments in the space within the coil or in the region of coil overlap. The residence of tackifier molecules in these spaces may cause a negative contribution to the expected free volume additivity and increase the monomeric friction coefficient of the blends [25] . It is, therefore, necessary to add plasticizers or diluents in the PVP/DLLAO blend to reduce the number of entanglements per unit volume and increase long-term compliance and flow. Glycerol and water as a small molecular with hydroxyl groups are effective plasticizers in hydrophilic polymers, which has been studied in depth in the literature [29, 30] . It can be seen from Fig. 3 that the content of glycerol and water has significant impact on the 180 • peel strength of PDGW. When the glycerol content is in the range of 15-25 wt%, and the water content is 20-35 wt%, the PDGW possesses excellent adhesive properties. There may be two different polymer networks in the blend of PVP and DLLAO. The first network is formed by the PVP chain entanglements, and the second one is formed by the intermolecular hydrogen bond between PVP and DLLAO. The addition of glycerol and water will disturb the first network by forming hydrogen bonds with PVP chains and bring more free volume, which can improve the elastic, adhesive and tacky properties of the PSA. Moreover, glycerol and water can interact with DLLAO in an analogous way. Finally, under the optimal plasticizer content, the PDGW will form a multiple network with appropriate performance for TDDS.
Miscibility of PVP With DLLAO
For the blend-type PSA, the miscibility of the components is crucial for the adhesive properties. Plasticizers, as well as good solvents for PVP, glycerol and water have excellent compatibility with PVP due to the well-known observation of PVP solubility in water or glycerol [31] . Therefore, the miscibility of PVP and DLLAO is one of the key factors to offer suitable viscoelasticity for PSA application. The miscibility of PVP with DLLAO was studied by DSC, TGA and FT-IR.
The most widely used criterion for judging the miscibility behavior of polymer blend is the existence of a single T g . Moreover, PSA properties are known to depend on the T g of PSA. The DSC traces for the PVP/DLLAO and T g dependence on composition are shown in Fig. 4 . As can be seen, all blends show a single T g changing with composition. The presence of a single T g in PVP/DLLAO blend can be taken as an indication of miscibility in this system. The miscibility of PVP with DLLAO could arise from hydrogen-bond interactions between the amido or carbonyl groups of PVP and the hydroxyl or carboxyl groups of DLLAO. In addition, the T g composition data can be represented by the Fox equation [32] :
where w 1 and w 2 represent the weight fractions of the components, and T g , T g1 and T g2 are the T g of the blend and components 1 and 2, respectively. The results concerning T g of PVP/DLLAO blends are shown in Table 2 . It is evident that all the experimental and predicted data are between T g of PVP and that of DLLAO. However, it can be seen the experimental values are a little higher than those predicted by the Fox equation, which further confirms that the hydrogen-bond interaction between PVP and DLLAO hindering the molecular movement exists in the blends.
The thermal stability of PVP, DLLAO and PVP/DLLAO were investigated by TGA. As seen from Fig. 5 , the initial weight loss of pure PVP at about 100 • C is due to a loss of moisture, and the second weight loss of pure PVP is at temperature of above 420 • C. Unlike PVP, DLLAO starts to degrade at about 170 • C and then a sharp weight loss is observed above 200 • C. However, the PVP/DLLAO blend undergoes the degradation mainly as a two-stage process. The first stage of degradation around 200 • C and 380 • C with an approx. 55% weight loss can be attributed to the loss of moisture and DLLAO due to the degradation of DLLAO. The degra- dation of DLLAO in PVP/DLLAO blend is later and much slower than that of pure DLLAO. Moreover, the weight loss of moisture in blend becomes more unapparent than that in pure PVP. The DLLAO and water in PVP/DLLAO blend show a highly thermal resistance, which can be attributed to the fact that the hydrogen-bond interaction among blends is remarkably enhanced due to the addition of DLLAO. The other stage of degradation of PVP/DLLAO is between about 380 • C and 490 • C, and its main degradations take place above 420 • C due to the thermal degradation of PVP, which indicates that the hydrogen bond between PVP and DLLAO can chiefly stabilize DLLAO. All results indicate that thermal stability presents by blending because of the synergistic effect of various hydrogen-bond interactions among the blends. FT-IR is a very powerful technique to detect the intermolecular interactions between two polymers. The band shifts or broadening of the IR peaks of some characteristic functional groups can be attributed to the existence of intermolec- ular hydrogen-bond interactions, because the specific interaction affects the local electron density [33] . FT-IR spectra of the binary blends are carried out to detect possible interaction between PVP and DLLAO. When DLLAO is added into PVP, the carbonyl absorption peaks of PVP at 1685 cm −1 and carbonyl absorption peaks of DLLAO at 1747 cm −1 were observed to shift to lower wavenumber. The changes in the FT-IR spectra in this region may be directly attributed to the change of the chemical environment of the carbonyl group, such as the formation of hydrogen bonds. In Fig. 6 the FT-IR spectral changes of PVP/DLLAO blends in the carbonyl vibration region as the function of DLLAO composition are shown. With the increase of the content of DLLAO, a second band appears near 1741 cm −1 in addition to the band centered at 1675 cm −1 . Moreover, the relative absorbance of this hydrogen-bond carbonyl vibration increases with an increasing content of DLLAO in the blends. At the same time, the relative absorbance of the carbonyl vibration of PVP reduces with the decrease of the content of PVP. In addition, PVP shows one broad peak centered at 3522 cm −1 . When PVP was blended with DLLAO, the broad band of PVP was observed to shift to lower wavenumber as a function of increasing DLLAO composition, which indicates that the blend has the great tendency to form an intermolecular hydrogen bond [34] . All results mentioned above show the formation of intermolecular hydrogen-bond interaction between PVP and DLLAO, and the interaction plays a major role in making the blends miscible.
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Storage Stability of PDGW
A PSA with stable performance over time is highly sought for the medical adhesive materials. In particular, for the transdermal PSA, such a change in PSA with time significantly affects comfort to human body during use. For example, any increase in PSA adhesion with time may cause damages to human skin when separating the adhesive. On the other hand, any reduction in PSA with time may cause the PSA to be separated from human skin or to be partially lifted during use. It is also an object of the present work to provide a highly productive and workable process for preparing PSA which exhibit less change in its PSA with time when employed in TDDS. The stable performance with time of PDGW was estimated by investigating the change of adhesive properties shown in Table 3 and the change of rheological properties shown in Fig. 7 . The data show that the tack force and the 180 • peel strength do not changes with time. The viscosity of PDGW is almost constant during 6 months sealed storage at ambient environment.
The instability of PSA properties of PDGW may be attributed to a certain degradation of DLLAO during long-time sealed storage. The degradation of DLLAO in Table 4 indicate that the -COOH values of PDGW do not change during 6 months sealed storage. Therefore, these results suggest that the influence on PSA properties of the degradation of DLLAO in PDGW can be ignored, even though the degradable properties of poly(lactic acid) are well known. It can be attributed to that the degradation of DLLAO dispersed in PVP is comparatively difficult and the strong hydrogen-bond network in PDGW matrix can hinder the degradation of DLLAO [35] .
Evaluation of Skin Irritation by PDGW
The results of the skin irritation study with PDGW matrix patches are shown in Table 5 . Based on the results, almost no skin irritation was observed in rabbits after skin dressing for 120 h. Moreover, no significant irritation was seen, even after application of 168 h. In addition, the test animals were found to have no significant change in body weight, and no signs of intoxication were obserevd. As a result, the PDGW matrix is relatively safe to be used as the adhesive materials in TDDS. Test substance was used for 10 animals. For erythema and edema the mean irritation score was the summation of each irritation score divided by the number of animals.
Conclusion
A quarternary blend composed of PVP, D,L-lactic acid oligomer, glycerol and water, as the pressure-sensitive adhesive for TDDS, performs excellent adhesive properties and stable performance due to existing strong hydrogen-bond interaction and good miscibility among the components. Moreover, the skin irritation test shows that the PDGW produces no skin irritation after skin dressing of 120 h and is safe to be used in TDDS. Thus, the PDGW shows good promise for use as PSA for TDDS.
